The near-edge x-ray absorption ͑NEXAFS͒ spectra at the carbon K edge of the five amino acids, glycine, phenylalanine, histidine, tyrosine, and tryptophan, have been computed by the ab initio static-exchange method and compared to recently collected experimental data. The analysis of the spectra is carried out on the basis of a building-block decomposition taking advantage of the separate spectra for each carbon center. It is shown that different subunits can be clearly identified by such an analysis and that their spectral features remain largely unperturbed in the different molecules. The results support the suggestion by Boese et al. ͓J. Electron. Spectrosc. Relat. Phenom. 85, 9 ͑1997͔͒ that differences in the NEXAFS spectra might be used for mapping proteins which differ in their amino acid content.
I. INTRODUCTION
Spectroscopies involving x-ray absorption like NEXAFS ͑near edge x-ray absorption fine structures͒ are able to distinguish elements and site of excitation owing to the localized nature of the core orbitals. 1 In the last few years they have been combined with x-ray microscopy techniques in order to map the chemical composition and state of samples having dimensions smaller than 1 m. An approach of this kind has been recently applied to collect the NEXAFS spectra at the C edge of amino acids in solid form as thin films. 2 Measurements of x-ray absorption of these molecules in the gas phase are, in fact, difficult to carry out because of the high heat sensitivity of the sample. On the other hand, quantitative measurements in the solid phase require samples of uniform thickness that are also difficult to obtain with large dimensions. The small spot size of the x-ray microscope used in Ref. 2 gave the opportunity of working on a very small sample, allowing for the first experimental investigation on this important class of molecules that are the constituents of proteins in living matter.
An accurate assignment of the different features observed in a NEXAFS spectrum of comparatively large molecules, like the amino acids, is, however, a difficult task that often requires the support of theoretical simulations in order to relate position and intensity of the peaks to the electronic structure of the molecule and then to the chemical environment of the excited atom. When theoretical simulations are not available the analysis is often performed in a simple picture based on the so-called building block principle, 1 by which the molecule is seen as an assembly of smaller pieces. The total spectrum is then divided into parts assigned to subunits ͑building blocks͒ of the molecule that are identified by comparison with similar spectra of analogous molecules. The simplest building block is the diatom, the bonding of which is related to the position of both discrete and continuous resonances in the spectrum. In the most basic version of the building block principle the NEXAFS spectrum is then seen as the superposition of diatomic spectra. 1 This approach, however, can fail for relatively simple molecules ͑e.g., some conjugated molecules 3 ͒. Furthermore, since the measured NEXAFS spectra are due to the x-ray absorption from chemically shifted species, a buildingblock decomposition can be difficult to accomplish on purely experimental grounds due to limited resolution. Theory finds a way out, since it can separate the different core-sited spectra for atoms of the same kind, and systematically investigate the perturbation of each building block on any other building block and follow the convergence of added building block spectra. In addition to considering diatom spectra, as in the original definition of the building-block principle, 1 one can consider any functional group in an environment where it is probably little perturbed. In fact, such quite complicated units have been found useful for interpreting polymer NEXAFS spectra. 4 The purpose of the present work is to simulate and analyze theoretically the NEXAFS spectra at the C edge of the five amino acids, glycine, phenylalanine, histidine, tyrosine, and tryptophan, that have been recently investigated experimentally and the spectra of which have not been completely assigned. 2 This set of amino acids should be added to the set containing alanine, cysteine, serine, and valine, which has been the subject of one of our previous theoretical investigations 5 that was more specifically devoted to the prediction of x-ray circular dichroism in chiral amino acids. In the present work we will consider instead the ordinary NEXAFS spectra both from the point of view of a complete assignment of the peaks and for discussing the applicability and the limits of the building-block principle for this class of molecules.
The ab initio calculations for these molecules have been performed by means of the direct implementation of the static-exchange approximation ͑STEX͒ including the full intrachannel coupling of discrete and continuum excited states. 6 
II. THEORY AND COMPUTATIONS
Quantum mechanical calculations of the photo absorption cross section can offer a valuable aid in the interpretation of the experimental NEXAFS spectra. We adopted a recently proposed ab initio method particularly suitable for calculations on extended molecular systems. The direct static-exchange method ͑STEX͒ used in the present calculations has been extensively described elsewhere, 6 and its applications to the study of different core electronic spectra in several systems have been recently reviewed. 7 In the static-exchange approach the photo absorption spectrum is obtained from singly excited states where the virtual orbitals are eigenvectors of a one-particle Hamiltonian that describes the motion of the excited electron in the field of the remaining molecular ion corresponding to a localized core-hole. The electronic relaxation around the core hole is taken into account by a ⌬SCF ͑self-consistent field͒ procedure and is assumed independent of the excited electron, with the excitation levels converging to a common ionization limit. The potential for the excited electron is then static with respect to the interaction ion-electron but the exchange interaction as well as the relaxation of the ion orbitals is fully accounted for. 6 In the STEX approach, excitation processes involving different core orbitals are considered to belong to different ionization channels and the interchannel coupling is neglected because of the large spatial separation of the core holes. The description of the total spectrum as the superposition of the different core-sited spectra in not only physically well grounded, but also practically quite convenient in the interpretation of the experimental spectrum.
In our approach the STEX Hamiltonian matrix is constructed directly from one-and two-electron integrals computed in the atomic orbital basis set by modifying the electron density. The bound molecular orbitals ͑MO͒ from SCF and ⌬SCF optimizations are expanded in a relatively small basis set, while the construction of the Hamiltonian matrix is obtained in an augmented, very large, but nonredundant basis set. By this direct double-basis algorithm the STEX method can be applied to large molecular systems to compute electronic spectra including both the discrete and the continuum part over an energy range of several tens of eV. This algorithm has been implemented in a modified version of the program DISCO of Almlöf and co-workers 8 and in the general purpose molecular property program DALTON, by Helgaker et al. 9 The set of excitation energies and corresponding oscillator strengths obtained by the STEX calculation provides a primitive spectrum for a Stieltjes imaging ͑SI͒ procedure in the continuum 10 in order to obtain the averaged ionization cross section. The computed spectra are then convoluted with a Gaussian function of arbitrary but reasonable line width in order to simulate the effect of both the limited photon resolution and the vibrational broadening of the bands in the discrete energy region and make the comparison with the experimental data easier.
From previous experience 7 we have employed in the present calculations the basis sets suggested by Dunning for C and N ͑triple zeta͒, 11 and for H ͑double zeta plus polarizing͒, 11 and by Sadley for O ͑triple zeta͒, 12 for the present SCF calculations of the bound orbitals of both the ground and the ionized states. An augmentation of the basis sets with a large set of diffuse functions ͑20s, 18p, 20d) centered on the ionized site has been employed for the calculation of the STEX Hamiltonian. The geometries of the five amino acids are presented in Fig. 1 ; they have been optimized by the SCF method using a valence double-zeta basis set.
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III. RESULTS AND DISCUSSION
We will discuss here the simulated NEXAFS spectra of the five amino acids, glycine, phenylalanine, histidine, tyrosine, and tryptophan, that have been considered in a recent experimental investigation 2 in order to assign the different spectral features and to analyze the applicability to this class of molecules of the building-block principle by an appropriate choice of the subunits forming the different molecules.
A comparison of the experimental and theoretical spectra for the full set of amino acids is presented in Fig. 2 . The simulated spectra, as well as the other ones presented in the following, have been obtained after convolution of the theoretical results with a Gaussian function, with a value of ͑full width at half-maximum͒ FWHMϭ0.7 eV, arbitrarily chosen, in order to make easier the comparison with the lowresolution experimental spectra. For the same reason the computed spectra in Fig. 2 have also been shifted to lower energy by values in the range 1.6-2.0 eV ͑see figure caption for details͒. These shifts compensate mainly for the neglect of the screening effect induced by the excited electron, which is typical of the STEX approximation, but that do not change the overall appearance of the computed spectra.
As seen by the comparison in Fig. 2 , a quite satisfactory agreement between experimental and theoretical photo absorption cross sections is obtained. All the main features in the discrete excitation energy range are well reproduced and the behavior in the continuum is also reasonably described. As a matter of fact, the cross sections above the core ionization threshold do not show very remarkable shape resonances. It should be observed, in fact, that the modulations observed in all the experimental spectra around 295 eV are probably due to residues of trifluoroacetic acid ͑TFA͒ that was used as solvent in the preparation of the samples. 
A. Glycine
The results of the calculations for this molecule, collected in Table I and Fig. 3 , have already been presented in our previous investigation on the prediction of x-ray circular dichroism in chiral amino acids 5 and will therefore only be briefly recapitulated here.
Except for the apparent shift of the spectrum , which has been discussed previously and corrected in Fig. 2 , a good overall agreement with the experiment is observed. The spectrum is dominated by a strong peak that can be unambiguously assigned to the * excitation involving the carboxyl group. This could be easily predicted by comparison with the spectrum of acetic acid. 14 The calculations show, however, that in glycine, compared to acetic acid, there is a substantial reduction of intensity for the Rydberg series originated in excitations at the carboxyl C atom. The intensity observed in the total spectrum just above the * excitation can then be ascribed to the onset of the dominating continuum cross section for ionization of the core of the other carbon atom. The opening of the continuum in the spectrum of the carboxyl group leads instead to a second step observed in the total calculated spectrum above 295 eV. The intensity at the left of the * peak, which is barely observable in the low-resolution experimental spectrum, can be assigned to excitations at the C 1 atom ͑see Table I͒ involving virtual orbitals largely delocalized on the molecule and having a correspondingly small intensity. The C 1 spectrum appears similar to the observed spectrum of monomethylamine 15 though with some variations in intensity due to the interaction with the carboxyl group.
B. Phenylalanine
Strictly speaking all the nine C atoms in phenylalanine are not chemically equivalent. However, as already observed in previous investigations on NEXAFS spectra of substituted benzene molecules, [16] [17] [18] [19] the excitations at the C atom directly connected to the substituent are the only ones that show a remarkable chemical shift. For the other C atoms belonging to the phenyl ring, only limited energy shifts with 
FIG. 2. Experimental ͑Ref.
2͒ and calculated C 1s NEXAFS spectra of glycine, phenylalanine, histidine, tyrosine, and tryptophan. The simulated total spectrum of each amino acid is the sum of the spectra of the independent carbon atoms after convolution with a Gaussian function ͑FWHMϭ0.7 eV͒. For a better comparison with the experiment the calculated spectra have been shifted to lower energy by 1.8 eV ͑glycine͒, 1.65 eV ͑phenylalanine͒, 1.6 eV ͑histidine͒, 2.0 eV ͑tyrosine͒, and 2.0 eV ͑tryptophan͒.
respect to benzene are observed and they have almost the same value. These, very small, shifts within the phenyl ring are alternant with respect to position, and actually become smaller for a stronger substituent; 17 they are thus opposite to the shift of the connected carbon which evidently becomes larger for a stronger substitution. As shown [16] [17] [18] [19] by staticexchange calculations of the kind presented here, the group of excitations from unconnected carbons of the phenyl ring, centered experimentally around 285 eV, form an excellent fingerprint identifying the presence of this ring in any environment.
We collect the contributions to the total spectrum due to excitations at the phenyl ring C atoms in two groups only, indicated in Fig. 4 by the labels ϭC-R ͑connected to the amino acid chain͒ and ϭC-H ͑not connected͒. The spectra corresponding to the atoms belonging to the second group are very similar to that of the benzene molecule, with a strong 1s-* excitation followed by a number of weaker Rydberg-like excitations the origin of which is still debated, but that the STEX calculation assign to * excitations, as shown in Table II . The larger electron charge rearrangement at the connected C atom gives origin, instead, to a remarkable variation of both the core ionization potential ͑IP͒ and the channel spectrum with a larger chemical shift of the 1s-* peak and a substantial depletion in intensity of the Rydberg peaks. The spectrum of the C atom bound at the amino group is similar to the corresponding one in glycine, except for some transfer of intensity from the discrete energy region to the near continuum. This effect, already observed in our previous calculations on small amino acids, 5 is analogous to that observed comparing the spectra of methane and ethane 1 and it is justified by the substitution of a C-H bond ͑discrete resonance͒ with a C-C bond ͑resonance in the continuum͒. The strongest single contribution to the total NEXAFS spectrum of phenylalanine derives from excitations at the carboxyl C atom. This spectrum is practically identical to that observed in Fig. 3 for glycine showing very little perturbing effect from the electronic structure of the remaining part of the molecule. Due to the larger numerical weight of the phenyl C atoms, the total spectrum of the molecule in Fig. 4 is, however, dominated by the benzenelike peaks in the low-energy region. The experimental spectrum is apparently giving slightly more intensity to the high-energy discrete peak. It should be observed, however, that, in the absence of detailed information on the vibrational structure, the convolution of the theoretical results has been performed by using a Gaussian of fixed FWHM in the full energy range and that, on the other hand, the presence of traces of TFA in the sample 2 could lead to a small enhancement of the observed intensity in the region of the * excitation at the carboxylic C atom.
C. Histidine
In histidine an imidazolyl group takes the place of the phenyl ring in phenylalanine and it is then convenient to analyze the spectrum of histidine by comparison with that of the previous molecule. Due to the presence of two N atoms, the chemical environment at the three C atoms of the ring is rather different and their spectra, reported in Fig. 5 and Table  III , are similar but shifted in energy according, more or less, FIG. 5 . Calculated C 1s NEXAFS spectrum of histidine convoluted with a Gaussian function ͑FWHMϭ 0.7 eV͒; the total spectrum is the sum of the spectra of the not-equivalent carbon atoms. The arrows mark the position of the core ionization thresholds for the different channels. to the corresponding IPs. The spectrum of the carbon atom connected to the chain, as well as that of the C atom bound to the two N atoms, is dominated by the 1s-* excitation with very little intensity below the ionization threshold. The spectrum of the third C atom of the imidazolyl ring shows instead a Rydberg series giving origin, after convolution, to a weak band in between the 1s-* excitation and the continuum. The spectra of the remaining three C atoms in the molecule show a very limited perturbation when compared to the corresponding ones in phenylalanine. The final effect is that the total discrete spectrum of histidine appears more compressed than that of phenylalanine, because the lowenergy excitations typical of the benzene ring move up in energy for the C atoms of the imidazolyl group. Moreover, the missing contribution of the spectra of two C atoms to the total spectrum in Fig. 5 , with respect to that in Fig. 4 , brings to a lower intensity for the low-energy band. Due to the smaller energy range delimited by the two main discrete bands ͑aromatic ring and carboxyl group͒ the low-intensity excitations of the -CH 2 -group give origin to a weak band at an intermediate energy that, differently from phenylalanine, is now almost merging in the low-energy ring band and is barely visible in the low-resolution experimental spectrum.
D. Tyrosine
Also tyrosine can be seen as deriving from phenylalanine by aromatic substitution with an OH group in the position para with respect to the chain. This substitution can be considered as a limited perturbation of the phenylalanine molecule, at least from the point of view of the C core excitations. As a matter of fact, Fig. 6 and Table IV show that the spectra of the C atoms not directly involved in the substitution are almost unchanged, except for the obvious reduction in intensity for the ϭC-H channel because the number of the C atoms of the phenyl ring bound to H is now reduced from five to four. For the fifth C atom, bound to the OH group, we obtain a spectrum, strong 1s-* peak, and no Rydberg series, which is typical of the aromatic C atoms after substitution. In this particular case the strong electro-negativity of the O atom induces an electron transfer and correspondingly an antiscreening effect for the core hole on the C atom, which gives origin to a positive shift ͑about 1.5 eV͒ both for the IP and the overall spectrum. In the carboxyl spectrum we FIG. 6 . Calculated C 1s NEXAFS spectrum of tyrosine convoluted with a Gaussian function ͑FWHMϭ 0.7 eV͒; the total spectrum is the sum of the spectra of the not-equivalent carbon atoms. The arrows mark the position of the core ionization thresholds for the different channels. obtain, on the other hand, a negative shift ͑about 1.0 eV͒ for both the ionization threshold and the main peak. The total spectrum in Fig. 6 is then characterized by three discrete bands in good agreement with the experiment ͑see Fig. 2 for a direct comparison͒. The first band is due to the superposition of the 1s-* peaks of the phenyl C atoms bound to H or to the amino acid chain. They are more chemically shifted than in phenylalanine but, due to the convolution with a Gaussian of FWHMϭ0.7 eV, they cannot be distinguished, contrary to the experiment, in the total simulated spectrum. The second band below 290 eV in Fig. 6 , remarkably stronger than in phenylalanine, may be considered a sort of fingerprint of tyrosine because it receives its main contribution from the 1s-* excitation at the C atom connected to the OH group. The third, high energy, band is again due to the carboxylic group and the apparent disagreement in intensity between theory and experiment could be due to the reasons already discussed for phenylalanine.
E. Tryptophan
The results of the calculations for tryptophan are reported in Fig. 7 and Table V . This molecule, being the largest of the series, has a spectrum presenting most of the features discussed above: a strong low-energy ''285 eV'' band referring to the phenyl ring of unconnected carbon atoms; an intermediate band consisting of the connected carbon * ͑two peaks due to the different chemical environment at C 8 and C 9 ) with contributions from the nitrogen containing fivering; and, last, an intensive high-energy structure due to the carboxylic group. Other groups like the axial carbon and the amino-connected carbon contribute in a lesser degree to the spectrum below the edge. The latter observation seems to conform with a general trend that single-bonded ''sp 3 '' carbons ''push'' most of the discrete intensity into the continuum.
IV. SUMMARY
We have investigated x-ray absorption spectra of several amino acids containing up to 16 heavy atoms, in order to explore the character of their NEXAFS spectra and the utility of the building blocks principle. The applied method, the FIG. 7 . Calculated C 1s NEXAFS spectrum of tryptophan convoluted with a Gaussian function ͑FWHMϭ 0.7 eV͒; the total spectrum is the sum of the spectra of the not-equivalent carbon atoms. The arrows mark the position of the core ionization thresholds for the different channels. 7 was found to provide photo absorption cross sections sufficiently close to the experimental ones in order to allow further conclusions about the specific features in the spectra and about the various building blocks. In particular, all the discrete peaks were given intensities and energies in good agreement with experiment, provided a uniform shift of about 2 eV was applied to the absolute energies. This shift stems from neglect of screening by the excited electron in the STEX technique. 7 Two good building blocks in the investigated series can be identified; they mainly are responsible for the low-and high-energy features in the discrete part of the spectra. The first, and most important one, is the phenyl ring. The discrete spectrum for each phenyl carbon is well described by one C1s→* transition. The * transitions corresponding to the different phenyl carbon atoms bound to H are grouped in an experimentally unresolved sub-eV energy range, while the * excitation is shifted by roughly an eV if the carbon atom is connected to a substituent. The first set of transitions gives then origin to a practically unresolved band at 285 eV irrespective of number, strength, and character of substitution. The core excitations at the connected carbon typically appears as a high-energy slope of the main phenyl band, or, if the substituent is strong enough, as a weaker separate peak. Its position is evidently dependent on the character of the substituent͑s͒, but not much on the actual number and position ͑isomer͒ of substitutions. These conclusions, drawn in an earlier study on substituted benzenes, 19 seem to hold also for the presently investigated amino acids. The experience so far indicates that the phenyl ring spectrum makes an excellent building block in NEXAFS analysis, and for the amino acids in particular.
The other important building block in the amino acids is the carboxyl group that gives origin to a strong absorption peak at high energy, around 290 eV.
The third feature of the considered amino acids NEXAFS spectra enters in between the phenyl and the carboxylic bands, and varies more between the different species. In histidine and tryptophan it receives intensity from the nitrogen containing five-ring, but it can get some intensity also from the -CH 2 -carbon and the NH 2 bonded carbon. The latter contributions, though, are quite small, in line with the observation that sp 3 carbons bound to heavy atoms produce most of the intensity beyond the edge.
The present work shows that the various features of the amino acid spectra can be assigned a clear origin in terms of the constituting groups. The computational results therefore support that differences in the NEXAFS spectra might be used for mapping proteins which differ in their amino acid content, as suggested in the recent experimental work of Boese et al. 2 The results also seem to conform with the observation of Kirtley et al. 20 that the nitrogen edge NEXAFS spectrum of DNA can be understood as a weighted sum of the polynucleotide spectra. To further confirm these statements, a next step is to perform simulations of both C1s and N1s NEXAFS spectra of the amino acids in segments of their actual protein environment.
